Background: The best catecholamine regimen for cardiogenic shock has been poorly evaluated. When a vasopressor is required to treat patients with the most severe form of cardiogenic shock, whether inodilators should be added or whether inopressors can be used alone has not been established. The purpose of this study was to compare the impact of these two strategies on short-term mortality in patients with severe cardiogenic shocks.
Introduction
Cardiogenic shock, which is characterized by inadequate tissue perfusion in the presence of cardiac failure, is one of the leading causes of hemodynamic instability in critically ill patients and is associated with a high mortality rate [1] . Hemodynamic resuscitation aims at optimizing organ perfusion and avoiding the evolution toward multiple organ failure. Optimized organ perfusion relies on a cautious, limited volume fluid challenge that is usually followed, in the case of persistent instability, by the administration of inotropes [2] . Because blood pressure occasionally fails to increase, vasopressors are often considered as the nextstep therapy [2] . However, vasopressors might alter peripheral microcirculation [3] and increase left ventricular afterload [4] . Hence, two theories are encountered: 1) treatment should focus on inotropic support and limitation of left ventricular afterload to avoid any type of vasoconstriction [5] ; and 2) similar to sepsis, cardiogenic shock is rapidly associated with a systemic inflammatory state that may require additional vasopressors to restore organ perfusion [6] .
The most frequently used vasopressors are norepinephrine, epinephrine and high-dose dopamine [7, 8] . All of these agents are inopressors because they interact to different degrees with both the alpha-adrenergic and beta-adrenergic receptors [9] . However, if the gain in terms of inotropic activity is overweighed by the increase in left ventricular afterload, the resultant cardiac output may be decreased and organ perfusion may be further compromised. Levy et al. [10] randomly compared epinephrine to dobutamine plus norepinephrine in a small sample of patients (n = 30) with cardiogenic shock. They showed that the global hemodynamic effects of the two strategies were similar; however, regional perfusion parameters, such as gastric mucosa perfusion, may be improved by combined use of norepinephrine and dobutamine.
The question of the best drug regimen in patients with severe cardiogenic shock must be resolved. It is unclear whether inodilators should be combined with inopressors when the latter are needed or whether inopressors can be used alone. In practice, this question is frequently encountered when a patient fails to improve although dobutamine has been administered. Should we add norepinephrine to dobutamine or switch to epinephrine and discontinue the dobutamine infusion? This question most likely justifies the need for a large multicenter, randomized, controlled trial. However, before designing such a trial, we should explore the data derived from observational studies. Therefore, the goal of this study was to assess, using a propensity-based analysis of observational data, whether the initial regimen of pharmacological hemodynamic therapy could impact short-term mortality in patients with cardiogenic shock who require an inopressor.
Analysis

Study Design
The study relies on propensity-score (PS) analyses of three pooled observational datasets. The reporting follows the checklist proposed in the STROBE statement [11] .
Cohorts and Data Sources
The data analyzed in this observational study were derived from three registries of patients with acute heart failure: the ALARM-HF cohort [8] , the EFICA cohort [7] and the Czech registry of acute heart failure -AHEAD [12] . Patients with cardiogenic shock after a successfully resuscitated cardiac arrest were not considered.
The ALARM-HF global survey (Acute Heart Failure Global Registry of Standard Treatment) collected anonymous data from 4,953 patients originating from nine countries: France, Germany, Italy, Spain, the United Kingdom, Greece, Turkey, Australia, and Mexico [8] . The hospital sample was selected to represent various categories relevant to geographic region, hospital size (number of beds), sector (public vs. private) and type (university vs. nonteaching status). The study was conducted as a retrospective, in-hospital, observational survey via a questionnaire. The paper-based data collection was conducted from October 2006 to March 2007. The same patient was not allowed to be represented more than once. Acute heart failure was the final diagnosis for all of the studied patients based on the 2005 ESC/ESICM guidelines [13] . We collected the type and the severity of cardiac decompensation, and we identified patients who were classified as cardiogenic shock (n = 520).
The EFICA (Etude Française de l'Insuffisance Cardiaque Aigue) study is an observational follow-up study of patients with severe acute decompensated heart failure (excluding acute coronary syndromes) who were admitted to a representative sample of 60 French units randomly selected from a national registry of adult intensive care units (ICUs) and coronary care units (approximately 500) in public, semiprivate and private hospitals in France, which commonly admit patients with severe heart failure [7] . The purpose of this study was to investigate the clinical and etiologic features of severe heart failure; to measure the impact of disease in terms of length of hospital stay and of short-and long-term mortality rates; and to evaluate the determinants of short-and long-term survival. From April to October 2001, the 60 participating centers (18 university hospitals, 31 general hospitals and 11 semiprivate and private hospitals) included 599 patients, of whom 152 were considered to be patients with cardiogenic shock.
The Czech Acute Heart Failure Database (AHEAD) registry was created to assess the basic characteristics, management and outcome of patients with acute heart failure in the Czech Republic [12] . The anonymous data from 674 patients with consecutive cardiogenic shock were collected from September 2006 to October 2009. The AHEAD registry included consecutive patients from seven centers with a 24-hour catheterization laboratory service and centralized care for patients with acute coronary syndromes (ACS) from a region of approximately three million inhabitants, and from five regional hospitals without a catheterization laboratory service. The participating centers were chosen to represent various categories relevant to geographic region and hospital type (university vs. nonteaching status). Cardiogenic shock was also defined according to the 2005 ESC/ESICM guidelines [13] .
Ethical Issues
The studies were considered to be retrospective patient record studies in which the patients and doctors participating were anonymous prior to processing the data. The studies were conducted according to the principles of the Declaration of Helsinki and approved by national ethics committees (Comité Consultatif sur le Traitement de l'Information en Matière de Recherche, Comité d'Ethique pour la Recherche Biomédicale, Ethics Committee of the Faculty Hospital Brno), which delivered a waiver of informed consent. Additionally, the data treatment was conducted in accordance with the ICC/ESOMAR code of conduct governing market research, specifically the compliance with the ''safe harbor'' rules and US HIPAA Privacy rule. Concerning the EFICA cohort, a national review board (Comité consultatif sur le traitement de l'information en matière de recherche, French Ministry of Research) approved the study.
Definition for Cardiogenic Shock
The definition used for cardiogenic shock in the ALARM-HF study and the AHEAD registry was the one proposed in the 2005 ESC/ESICM guidelines [13] : evidence of tissue hypoperfusion induced by heart failure after correction of preload, characterized by a reduced blood pressure (systolic BP,90 mm Hg or a drop of mean arterial pressure .30 mm Hg) and a low urine output (,0.5 ml/kg/h), with a pulse rate .60 b.p.m. with or without evidence of organ congestion. Because of the different time periods, the criteria used for EFICA were slightly different. However, in the EFICA study, all of the patients' charts were reviewed for the diagnosis of acute decompensated heart failure by a steering committee composed of five senior cardiologists, two senior intensive care specialists and three epidemiologists. Patients who received assist devices and extracorporeal circulation and postcardiac surgical patients were not included in the study.
Pooling the three studies led to a dataset of 1,346 patients with cardiogenic shock. A total of 74 patients (5.5%) presenting one or more missing data in the treatment regimen or outcome were excluded from the analysis, leading to a total of 1,272 patients. Among those patients, we focused on the 988 patients who required an inopressor during the first 24 hours to achieve the hemodynamic goals (Figure 1) .
For each cohort, the number of patients was slightly different from those previously published. Concerning the AHEAD cohort, previous publications involved the main registry (two biggest centers) [12] , whereas we used the global registry. Concerning the EFICA and the ALARM-HF cohorts, we excluded several patients because of missing data in the treatment regimen or outcome.
Patient Evaluation
The following potential confounders or effect modifiers were recorded in the three studies and included our analysis: age; gender; New York Heart Association Classification (NYHA); first systolic blood pressure (SBP); first heart rate (HR); first B-type plasma natriuretic peptide concentration (BNP); first left ventric-ular ejection fraction (LVEF); first serum creatinine concentration (serum creatinine); acute coronary syndrome (ACS); history of renal disease (renal disease), diabetes mellitus, coronary artery disease (CAD) or chronic heart failure (CHF); teaching hospital; treatment with continuous positive airway pressure (CPAP); and the presence of a prior cardiovascular treatment (beta blockers, renin-angiotensin inhibitors, diuretics, and nitrates). Details of the intravenous drugs administered for AHF, including timing and duration, were also registered. For most variables, the proportion of missing data for other variables was less than 10%. For missing data concerning variables other than the treatment regimen, the length of stay or the outcome, a multiple imputation procedure was applied.
Drug Regimens
The following drugs were identified in the dataset: epinephrine, norepinephrine, dopamine, dobutamine, levosimendan and phosphodiesterase III inhibitors. We classified these drugs according to their action on the vascular tone. Hence, we differentiated two different types of drugs: the inodilators, i.e., drugs associated with inotropic and vasodilator activities (dobutamine, levosimendan and phosphodiesterase III inhibitors), and the inopressors, i.e., drugs associated with inotropic and inopressor activities (epinephrine, norepinephrine, and dopamine). The distribution of the initial drug regimen was homogeneous across countries. In all of the studies, the drugs were administered using continuous infusion.
The primary goal of the study was to investigate the effects of treating cardiogenic shock patients with inopressors alone or with inopressors and inodilators on short-term mortality. We defined and compared the two regimens as follows: the inopressors alone and the inopressors and inodilators (association of at least one inodilator with an inopressor). Patients who received an inodilator alone were not considered for the present analysis because they were usually less severe than those who required an inopressor. In this study, we focused on the initial drug regimen, corresponding to the drugs received during the first 24 hours after the diagnosis of cardiogenic shock.
Primary Outcome Measure
The patients were followed from their first day of admission until day 30. The primary outcome measure was mortality up to day 30. None of the 988 patients included in the final analysis presented missing data on the primary outcome measure.
Statistical Methods
Continuous variables are presented as the mean (standard deviation) or median (interquartile range) as appropriate, whereas the categorical variables are presented as the number (percentage).
Because of the nonrandomized design, the two treatment groups could not be considered to be exchangeable. The distribution of baseline risk factors may have differed between the groups, and several of them may bias the relationship between the treatment and the outcome. To address this problem, we used a propensity score approach [14] . The probability to receive either inopressors alone or inopressors and inodilators was modeled using a nonparsimonious (including all of the potential confounders/effect modifiers) logistic regression model. The PS model calibration (HosmerLemeshow goodness-of-fit test) and discrimination performance (area under the receiver operating curve) are provided in Appendix S2. The individual propensity score derived from this model was then used in an inverse probability of treatment weighted (IPTW) analysis [15] .
Mortality was modeled using Cox proportional hazards model. Administrative censoring was applied on day 30 after admission. Individual propensity scores were used to derive individual weights defined as the inverse of the probability of receiving the treatment actually received and used to weight the Cox regression [15] . The balance in the baseline risk factors was evaluated in the original and the weighted population by computing the standardized differences (SD) [15] . The adequate balance was considered to be achieved for standardized differences below 10% [16] .
We included the participants with incomplete data in the analysis using multiple imputations by chained equations with 30 imputations obtained after 10 iterations [17] . For all of the variables except BNP and LVEF, the missing rate was less than 10%. The variables considered in the imputation models were all baseline covariates, death status and Nelson-Aalen estimator of the cumulative hazard at the time of death or censoring [18] . Treatment effect estimates and their standard errors were obtained by pooling the estimates obtained on each imputed dataset according to Rubin's rules [19] .
Several sensitivity analyses were performed. First, to evaluate the impact of the missing data and the multiple imputation procedure, we compared the results to those of a complete case analysis. Because these two variables presented a higher rate of missing values, we first excluded the BNP and the LVEF from the propensity score model. We subsequently computed a complete case analysis omitting these two variables. Therefore, all of the patients presenting missing data on any of the variables used in the propensity score model (other than BNP and LVEF) were excluded from the analysis. This exclusion reduced the sample size from 988 to 580. Second, we reran the analysis in the subgroups of patients with and without acute coronary syndrome. Third, we found 87 patients who received norepinephrine alone, which is not usual in cardiogenic shock. We also reran the analysis after discarding those patients. Finally, we reran the analysis in each cohort separately.
The hazard ratios are expressed together with their 95% confidence intervals. All tests were two-sided at the 0.05 significance level. We performed all of the analyses using R software version 2.13 (http://www.R-project.org) running on a Windows XP platform.
Results
Patient's Characteristics
Pooling the 3 datasets led to an overall population of 1,346 patients with cardiogenic shock. Among these patients, 74 patients were excluded for missing data concerning the treatment regimen, the outcome or the length of hospital stay (Figure 1 ). Of the remaining 1,272 patients, we focused on the most severe patients, that is, 988 patients who required an inopressor during the first 24 hours. Their characteristics are summarized in Table 1 .
The patients were essentially male (632 males, 64%) and older than 60 years of age (n = 776, 78%). Before the acute episode, approximately 30% of the patients were classified as NYHA grade 1 (n = 292, 29%), whereas the others were homogeneously distributed over the other 3 grades of the classification. Approximately half of the population (n = 570, 58%) presented an underlying coronary artery disease; the most frequent reason for cardiogenic shock was an acute coronary syndrome (n = 614, 62%). The patients were hypotensive (median systolic blood pressure, 95 mmHg [80-120]) and tachycardic (median heart rate: 100 beats per minute (bpm) ). In most of the patients, the B-type natriuretic peptide was elevated with a median of 1,009 pg/ml [356-3,228] and the left ventricular ejected fraction was seriously altered (30% [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] ). Patients' characteristics according to the cohort of origin are summarized in Appendix S1.
As a result of the nonrandomized design, the patients who received inopressors alone were different from those who received inopressors and inodilators with respect to baseline characteristics. As illustrated by the standardized differences (Figure 2 ), those differences were particularly important concerning the history of kidney disease (SD = 227.8%), the history of chronic heart failure (SD = 223.1%), the treatment with IABP (SD = 218.3), gender (SD = 19.4%) or the first LVEF (SD = 30.5%). However, after weighting by the propensity score, all of the standardized differences decreased below the 10% threshold, which suggested that the propensity score weighting adequately handled the initial selection bias ( Figure 2 and Table 2 ).
Patients' Outcomes
All 988 patients were followed up to day 30. A total of 643 patients (65%) died within the first 30 days: 73 patients (61%) in the EFICA cohort, 424 patients (74%) in the AHEAD cohort and 146 patients (49%) in the ALARM-HF cohort. The effect of the initial drug regimen on the original dataset was first studied without any adjustment. The mortality rate highly differed according to the treatment regimens: inopressors alone: 293 deaths (72.0%) vs. inopressors and inodilators: 350 deaths (60.0%). Consistently, the latter regimen was found to be associated with a NYHA, New York Heart Association; ACS, acute coronary syndrome; CAD, coronary artery disease; CHF, chronic heart failure; BNP, B-type natriuretic peptide; renal disease, history of chronic renal failure; CPAP, continuous positive airway pressure; PCI, percutaneous coronary intervention ACEI/ARB, angiotensin-converting-enzyme inhibitors/angiotensin II receptor blockers. The systolic blood pressure (SBP), the heart rate (HR), the BNP, the serum creatinine and the left ventricular ejection fraction (LVEF) are presented as the median [IQR] . For categorical variables, the sum of the different categories might be inferior to the sample size because patients' characteristics were analyzed from complete cases The effect of the initial drug regimen on the mortality rate was subsequently assessed among the weighted dataset. The details on the propensity score model are provided in Appendix S2. After weighting by the propensity score, the initial drug regimen was strongly associated with short-term mortality; the regimen of inopressors and inodilators performed better than the inopressors alone regimen (HR: 0.66 [0.55-0.80]) (Figure 3, panel B) .
Sensitivity Analyses
We reran the analyses after removing the two variables with the higher rate of missing data from the propensity score model, namely, the initial left ventricular ejection fraction and the initial BNP. The results were not substantially modified. The regimen inopressors and inodilators was associated with a decrease in shortterm mortality compared to the inopressors regimen (HR: 0.70 [0.59-0.83]). In the complete case analysis (n = 580), similar results in terms of mortality were observed when we compared the inopressors and inodilators regimen to the inopressors alone regimen (HR: 0.69 [0.56-0.86]).
As shown in Figure 4 , the results remained unaltered when we focused on the subgroups of patients with or without an acute coronary syndrome (Figure 4) . Similarly, discarding the 87 patients who received norepinephrine alone did not further modify our Finally, the results remained unchanged when we analyzed each cohort separately (Figure 4) , except when the EFICA cohort was analyzed alone. In the latter case, because of the small sample size, the point estimate was similar but the confidence interval crossed the unit.
Discussion
The impact of using inopressors in cardiogenic shock is still open to discussion. In the sickest patients, blood pressure may fail to increase after initial resuscitation (e.g., fluid challenge and inotropes), prompting the use of an inopressor, as proposed by the current international guidelines [2] . Inopressors may be justified because prolonged hypotension could precipitate organ hypoperfusion, and especially decreased coronary perfusion pressure, thereby increasing the risk of myocardial ischemia. Moreover, a recent cardiogenic shock paradigm suggested that severe impairments in cardiac function may be associated with systemic inflammation and thus with a certain degree of vasodilatation [6] . Inopressors might, in turn, alter peripheral microcirculation [3] , increase left ventricular afterload [4] and thus alter organ perfusion. We used the data from 3 different observational cohorts (ALARM-HF [8] , EFICA [7] and AHEAD [12] ) and compared Figure 2 . Standard differences in the major baseline covariates between the two treatment regimens. NYHA, New York Heart Association; PCI, percutaneous intervention; IABP, intra-aortic balloon pump; CPAP, continuous positive airway pressure; HR, heart rate; BNP, B-type natriuretic peptide; ACS, acute coronary syndrome; CAD, coronary artery disease; CHF, chronic heart failure; ACEI/ARB, angiotensin-convertingenzyme inhibitors/angiotensin II receptor blockers; BB, beta blockers; SBP, systolic blood pressure; LVEF, left ventricular ejection fraction. doi:10.1371/journal.pone.0071659.g002 inopressors alone to a combination of inopressors plus inodilators. We found that using inopressors alone could be associated with a greater short-term mortality compared to using a combined regimen. This finding would suggest either that excessive vasoconstriction is detrimental in patients with severe cardiogenic shock or that vasodilation is beneficial. Because of the nonrandomized design, we cannot conclude that the patients who received inopressors alone were sicker than those who received inopressors and inodilators. However, the patients' characteristics were well balanced after propensity score weighting, and IPTW analysis led to similar results.
Vasoconstriction per se could be considered to be potentially harmful in this context. Excessive vasoconstriction may, in turn, impair macro-hemodynamics by increasing left ventricular afterload [4, 20] and promoting myocardial oxygen delivery/oxygen consumption imbalance [21] . Catecholamines have been advocated to affect the restoration of cardiac function and increase short-and long-term mortalities [22] . Excessive vasoconstriction might also alter microcirculation [3] . Such a hypothesis has been well documented in the context of septic shock [23, 24] . In cardiogenic shock, there are few data [25] ; however, microvascular blood flow alterations are reportedly frequent and more severe in patients who are not likely to survive [26] . However, the detrimental effect of vasoconstriction might not be the only explanation to support our results. The trial by De Backer et al. [27] showed that a drug with a strong inotropic effect (dopamine) could be deleterious compared to a potent vasopressor with a weak inotropic activity (norepinephrine).
Vasodilation per se could be considered to be beneficial in this context. Vasodilatation might preserve the microcirculation, organ perfusion and likely the patient's outcome. Such a hypothesis is supported by the fact that applying low-dose nitroglycerin, in addition to standard care for cardiogenic shock, has been shown to result in an increase in sublingual perfused capillary density [28] . Our results are also consistent with the findings recently reported by Levy et al. [10] , which suggest that a combination of norepinephrine-dobutamine might be more reliable and safer than epinephrine in patients with cardiogenic shock. In their entire cohort, Spinar et al. [12] reported an association between norepinephrine infusion and in-hospital mortality. However, inopressors are recommended and usually used because the hemodynamic goals fail to be reached with the use of inotropes alone. Combining our results with those of De Backer et al. [27] would suggest that inopressors, such as norepinephrine, might be necessary in severe patients, but the addition of a vasodilator might be beneficial. These results might be considered to be conflicting compared to several previous studies [29] . These conflicting results could be explained by the differences in the study populations. For instance, in OPTIME-CHF [30] , the patients in shock were excluded, whereas in the ADHERE registry [31] , less than 3% of the patients had low systolic blood pressure. Moreover, the question we addressed was different. We focused on estimating the benefit of adding a drug with vasodilator-related properties to inopressors. Therefore, all of the patients in our cohort received inopressors, which makes this population more severe. This point is illustrated by the higher mortality rate in our cohort: On day 30, the mortality rate was 65% in our cohort, whereas it was 10.3% in the milrinone group and 8.9% in the control group in OPTIME-CHF, and 11% in the ICU/CCU group in the ADHERE registry. Our study suffers several limitations. First, the lack of randomization exposed to selection bias is a limitation. To handle such a risk, we used a propensity score weighting approach (IPTW) [15] . Second, several of the measured variables had a high rate of missing data. We applied a multiple imputation algorithm and controlled the results by performing a complete case analysis. Third, we pooled various drugs to define the different treatment regimens. However, two drugs defined as inopressors can have a very different pharmacodynamic profile. Our goal was to assess the impact of vasoconstriction on the prognosis; and this goal could only be achieved by comparing the drugs with and without inopressor activity. We were also concerned about the fact that norepinephrine and epinephrine might have different effects on patients with cardiogenic shock because epinephrine is a more potent inotrope than norepinephrine. However, removing from the analysis the patients who received norepinephrine alone did not alter our results. Fourth, the enrollment period of the three cohorts was long. However, studies on shock, either observational or interventional, are difficult to perform and usually require long inclusion periods. For instance, De Backer et al. included 1,679 shock patients in a 4-year period to complete their study [27] . Moreover, the guidelines for the management of cardiogenic shock were not substantially modified during the last decade, and our results were similar when we analyzed separately the older and the more recent cohorts. Fifth, the definition of cardiogenic shock was slightly different between EFICA and the other two registries. However, in the EFICA study, all of the patients' charts were reviewed for the diagnosis of acute decompensated heart failure by a steering committee; the diagnostic criteria that were applied did not substantially change over the last decade. Moreover, the results were consistent when analyzing the three cohorts separately. Sixth, the systolic blood pressure could be considered to be surprisingly high. However, tissue hypoperfusion, rather than systolic blood pressure, is the cornerstone of the diagnosis of shock [2] . Hence, the mean blood pressure levels reported by De Backer et al. [27] or Levy et al. [10] were 58 mm Hg and 55 mm Hg, respectively, which is consistent with a systolic blood pressure of approximately 90 mm Hg. Seventh, we did not record the drug dose and were therefore unable to assess the presence of dose and response relationships, which is essentially a problem for dopamine, whose effects on vascular tones are dosage-dependent. To further explore this potential source of bias, we performed a complementary sensitivity analysis, which showed similar results after excluding those patients who received dopamine (HR: 0.63 [0.50-0.80]). Finally, we only focused on initial treatment and clinical parameters. We were unable to analyze the whole treatment history or the evolution of hemodynamic profile under treatment. Additional studies that consider the entire ICU stay will therefore be warranted.
Our results may have important clinical implications. Our findings support the concept that cardiogenic shock requires a certain degree of vasodilation, although the macro-hemodynamics prompt the use of vasopressors. Hence, in such a situation, we should most likely prefer adding inopressors to inodilators and monitor the results in terms of cardiac output and venous oxygen saturation for a better optimization.
Conclusion
The initial use of inopressors alone appears to be associated with a poorer prognosis compared to a regimen of inopressors and inodilators in patients who are admitted for cardiogenic shock and who require an inopressor during the first 24 hours. When an inopressor is needed to achieve hemodynamic goals in patients with cardiogenic shock, combining a drug with a vasodilating activity might be useful. This result, based on observational data, emphasizes the urgent need for a large multicenter, randomized, controlled trial to compare those two regimens.
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